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Augmented Reality (AR) enhances the comprehension of complex situations bymaking the
handling of contextual information easier. Maintenance activities in aeronautics consist of
complex tasks carried out on various high-technology products under severe constraints
from the sector and work environment. AR tools appear to be a potential solution to
improve interactions between workers and technical data to increase the productivity and
the quality of aeronautical maintenance activities. However, assessments of the actual
impact of AR on industrial processes are limited due to a lack of methods and tools to
assist in the integration and evaluation of AR tools in the field. This paper presents a
method for deploying AR tools adapted to maintenance workers and for selecting relevant
evaluation criteria of the impact in an industrial context. This method is applied to design an
AR tool for the maintenance workshop, to experiment on real use cases, and to observe
the impact of AR on productivity and user satisfaction for all worker profiles. Further work
aims to generalize the results to the whole maintenance process in the aeronautical
industry. The use of the collected data should enable the prediction of the impact of AR for
related maintenance activities.




The aeronautic industry is faced with problems related to the complexity of maintenance
documentation. Workers are overloaded with all the information necessary to perform each
maintenance task on each equipment configuration while needing to apply the right procedures
according to the regulatory structure (EASA, 2019). Aeronautics is a demanding sector because the
safety of millions of passengers is at stake every day (IATA, 2018). Aircrafts are made up of advanced
products and equipment optimized to ensure essential advanced technological functions while best
meeting numerous constraints. Rigorous procedures must be followed to achieve the right quality
standards. Aeronautical maintenance workers have to cope with the complexity and the variety of
equipment, as well as the quality requirements that must be met.
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This complexity is currently a challenge for the sector,
especially when considering the recruitment of new employees.
Today’s experienced workers have developed their skills and
knowledge over time with the evolution of the industry. They
have had over 30 years to learn how to work effectively with the
existing tools and instruction manuals. However, aeronautical
maintenance activities are now constrained by a constantly
expanding aeronautics sector (IATA, 2018) and the renewal of
the aging workforce (MRO Survey, 2017). This increases the need
to quickly recruit and train new novice operators who cannot
assimilate all the required knowledge quickly enough. Support for
maintenance instructions must evolve to make it easier to find
and understand the right information for each task. The objective
is for the new operators to be operational at the best possible level
and to support them in improving their skills. The aim is to
improve the overall productivity of beginners from the start.
AR seems to be a tool well suited to the current needs of
aeronautical maintenance activities (Figure 1). AR tools improve
situational awareness by superimposing digital information on
the real world, in the right place and at the right time (Azuma,
1997). A user with a well-adapted AR tool has access to a better
and faster understanding of situations. It is becoming an essential
tool in various professional fields, such as culture, entertainment,
medicine, retail, and industry (Van Krevelen and Poelman, 2010).
Relevant AR use cases are demonstrated over a wide range of
specific conditions and there is a drive to expand AR applications
to more common and widespread tasks (Fuchs, 2019).
Scientific and Technical Problem
It is necessary to assess the impact of using AR to assist operators
in aeronautical maintenance under real working conditions in
order to determine the impact on these activities and to support
subsequent deployment. AR tools can simplify access to useful
information and instructions by providing filtered items based on
current working tasks. It facilitates understanding by displaying
data and models of equipment, tools, and manipulations directly
on the physical work environment (Caudell and Mizell, 1992).
Digital mediums make interactions between users and data more
efficient (Mura et al., 2016). This explains why the
implementation of AR tools to help workers on aeronautical
maintenance activities seems interesting.
However, there is little feedback on the real extent of what this
technology could concretely bring to aeronautical maintenance
activities. The existing methods and criteria for evaluating AR are
not suitable for the aeronautical maintenance environment.
There is no real use case to experiment with and no current
method for developing AR tools for aeronautical maintenance
activities. Thus, the scientific and technical problem studied in
this article is:
• How to set up and conduct field evaluations of the impact of
AR tools for workers in aeronautical maintenance activities?
The first step is to acquire a clear vision of the criteria needed
to evaluate AR and to understand the aeronautical maintenance
environment to build the right criteria, taking into account the
context of use. The next step is to develop AR tools based on real
tasks for evaluation purposes. The final step is to conduct
experiments with workers on the selected tasks to assess the
impact of the AR tools on those tasks with the selected criteria.
The three questions we investigate in this article are:
• Q1: How should we evaluate the impact of AR on
aeronautical maintenance tasks?
• Q2: How should we deploy an AR tool to assist in
performing aeronautical maintenance tasks?
• Q3: What is the added value of AR on aeronautical
maintenance tasks?
This paper is structured as follows. State of the Art – AR
Evaluation Criteria for Aeronautical Maintenance presents a
state-of-the-art study on the evaluation of AR tools and
FIGURE 1 | Example of use of an AR tool to assist in a task of aeronautical maintenance.
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discusses aeronautical maintenance constraints and needs to
identify the evaluation criteria. Materials and Equipment
details the materials and equipment used to deploy the AR
tool and conduct the evaluation of AR impact. Methods
describes the method for selecting the evaluation criteria
suitable for aeronautical maintenance, taking into account the
constraints in the field, the method for selecting the maintenance
use cases to be evaluated, the method for deploying the AR tools
on these tasks, and discusses the evaluation of the impact of AR
with the selected criteria. Results presents the results of the
implementation of an experiment conducted to evaluate the
impact of AR compared to current practices on field tasks, the
results obtained, and the associated analysis. Finally, Discussion
ends the paper with a discussion of the work and an opening to
further research on the subject.
State of the Art – AR Evaluation Criteria for
Aeronautical Maintenance
AR is defined by Azuma (1997) as a technology that combines
interactive virtual elements with the real world both spatially, in
three dimensions, and temporally, in real time. This technology
brings digital data directly to users in context, allowing them to
focus more on physical tasks and gain a better understanding of
situations (Caudell and Mizell, 1992). AR relies on software
capable of recognizing and tracking elements of the real
environment (2D, 3D, plan, and geolocation) to place and
maintain virtual elements in the correct physical position (Kin
and Dey, 2009). This AR software works on different types of
equipment capable of acquiring the data necessary for
localization, and of displaying digital elements directly
(projectors or see-trough glasses) or indirectly (screen) (PWC,
2019).
In industrial fields, AR can be used throughout the lifecycle of
a product for design, planning, manufacturing, inspection, and
maintenance activities (Fite-Georgel, 2011). Reviewing recent
studies on the subject, Quandt et al. (2018) identified general
requirements for the development of industrial applications.
These tasks include product and plant design, operator
training, production assistance, logistical support, and remote
maintenance. The requirements relate to all elements impacted by
the applications, from cost and security in integration to
installation, accuracy, and reliability in use. Palmarini et al.
(Palmarini et al., 2017) ranked the different areas identified for
the application of AR in industry. They detected a great interest in
AR applications in the aviation industry and for maintenance
activities such as assembly, repair, inspection, and training.
Eschen et al. (2018) investigated the potential use of VR and
AR to support operators in the aviation industry. They highlight
that the most suitable technology for process guidance in
maintenance is AR due to the high number of manual work
interactions between the operators and the real parts.
Evaluation of AR Tools
Studies presenting evaluations of AR tools approach the
evaluation from different perspectives. The topic can be
divided into three types of assessments, which relate to
technology, the use of AR instead of other tools, and the
perspective of users.
The first theme on AR assessment concerns comparisons on
the technology itself. With a systematic review of the literature,
Palmarini et al. (Palmarini et al., 2018) identified a set of main
characteristics that are compared in most studies. It includes
hardware, the development platform, tracking techniques, and
interaction methods. Baumeister et al. (2017) compared the
possibility offered by the hardware for procedural tasks by
evaluating the average response time to AR indications.
Renner and Pfeiffer (2017) compared visualization methods
for guiding purposes by measuring mean time to action and
mean head movement during tasks.
The second research theme is the evaluation against other
tools in a controlled environment (Werrlich et al., 2017). Webel
et al. (2013) compared AR to video for training. Rios et al. (2013)
compared AR to paper instructions for troubleshooting. Likewise,
Syberfelt (2015) evaluates the AR guidance for assembly.
Fiorentino et al. (2014), testing large-screen AR devices vs.
paper instructions, distinguished time from tasks where AR
may or may not be useful. Blaga et al. (2017) used a virtual
environment to measure gesture accuracy with freehand gesture
interactions in terms of reaction time, action time, and accuracy.
Gavish et al. (2015) observed a reduction of unsolved errors on
industrial maintenance tasks after AR training. In most cases,
these experiments are conducted under laboratory conditions and
on specific tasks where the conditions facilitate the identification
and measurement of the comparison criteria to highlight the
differences between the solutions.
The third theme related to AR assessment research is the
impact on the users. The tools used have an impact on the way in
which people work on the task and therefore the level of
commitment necessary for the work and felt by the user
through the task. This concept of cognitive load (Paas, 1992)
can be assessed using quantitative or qualitative observations. For
quantitative observations, direct solutions are to measure users’
physiological values before and during the task, such as brain
activation, or to perform dual task measurements by adding
another task to do alongside the original task (Brunken et al.,
2003). The evolution between the two situations indicates the
cognitive load induced by the task.
For qualitative observations, Hornbaek (2006) evaluated
different solutions and concluded that standard questionnaires
are better than homemade questionnaires. Rubio et al. (2004)
compared subjective methods of assessing mental workload and
identified the NASA-TLX questionnaire for predicting user
performance on tasks. Hart and Staveland (1988) defined the
NASA-TLX (task load index) through years of workload
assessment research. Users are asked to rate the six elements
defining workload on a rating scale after the task. The task’s
average workload score can be used for performance forecasting;
a low value is related to better performance. Brooke et al. (1996)
worked on usability to define the System Usability Scale
questionnaires (SUS), focused on how the user felt about the
tools during the task with ten questions scored on a five-point
Likert scale. This score can be used to compare the usability of
different types of solutions. Bangor et al. (2009) analyzed
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hundreds of studies using the SUS and linked the SUS score to the
acceptability rating of a system through percentile rank
comparison. The validity of the NASA-TLX and SUS
subjective questionnaires in predicting objective impacts on
performance has been advanced by the compilation of
hundreds of retrospective studies more than 20 years after
their construction (Hart, 2006; Brooke, 2013).
Constraints, Needs, and Evaluation in Aeronautical
Maintenance
The objective of aeronautical maintenance is to meet
maintenance needs adapted to the aeronautical sector through
processes such as MSG-3 (Lugan, 2011). This reliability-driven
process is designed to ensure that aircraft safety and reliability
levels are maintained or to restore them to an optimum level after
deterioration and obtain the data necessary to improve the design
at minimal cost. To achieve these objectives, maintenance
activities encompass numerous procedures which punctuate
the life of all aeronautical equipment and are adapted to the
service life, flight cycles, and direct observations. Certain
circumstances only occur a few times during the life of the
equipment, resulting in a low frequency of performing certain
maintenance tasks on the product. The changes create a new
configuration of the equipment and therefore different
procedures to follow, which has an impact on the complexity
of maintenance manuals. Workers have little time and
opportunity to learn work instructions for all possible
equipment configurations.
Regarding the needs of the aeronautical maintenance
activities, Martinetti et al. (2017) specify that it is necessary to
collect and use a significant amount of information on standard
procedures, specific both to the different tasks required and to
each piece of equipment to perform maintenance tasks. As each
product may go through amaintenance process at a different time
in its life, each product may be different from the other, making
them even more difficult to work with than in production where
each component is the same. The needs are to identify the
products, to collect the right information necessary for the
accomplishment of the task, to interpret the documentation, to
understand the instructions, and possibly to verify the result and
to validate the good execution of the task. These needs are not yet
met with current tools, but AR tools seem to provide solutions.
In addition to these needs, many new constraints are applied
to aeronautical maintenance activities with the growth of the
aeronautical industry worldwide (MRO Survey, 2017). This
growth accelerates the need to find solutions to maintain
quality and increase productivity on tasks while improving the
efficiency of operator training in various working conditions. In
addition, the variability in the type and configurations of the
equipment maintained makes it impossible to memorize
information relating to each task, and the requirements of the
aeronautical industry make it necessary to be certain that the
correct information has been used. Various indicators are used to
assess aeronautical maintenance at different scales. On a large
scale, the most important factor is reliability, measured bymetrics
such as the mean time to failure. However, these elements drive
maintenance globally and are unrelated to tasks performed
during maintenance, which are monitored by other criteria.
Certain criteria related to operator safety are considered in
these assessments.
Themajor criterion linked tomaintenance activities is the level
of quality. Improper execution of the maintenance instructions
can affect the product, meaning it must be discarded that part of
the maintenance cycle must be redone. Parts can even be
damaged during tasks, which is considered as non-quality.
This leads to significant financial impacts related to the cost
and time of repairing or repurchasing parts and impacts the
overall maintenance cycle through the time required to resume
maintenance on the parts concerned and the delay of subsequent
maintenance steps. The second main criterion related to
maintenance activity is the time required to perform the
maintenance tasks. Equipment maintenance deadlines are
contractually defined between the owners of the equipment
and the maintenance facility. These times must be respected as
best as possible to avoid penalties and maximize flight time. The
delays that can accumulate at each stage of maintenance impact
the delivery date. All these requirements will be considered when
selecting and assessing the impact of AR in aeronautical
maintenance.
In addition, aeronautical maintenance activities are also
assessed in terms of productivity. From this point of view, the
main aim for the evaluation is to observe the evolution of
performance due to the use of AR. The criteria used must
highlight the direct impact of AR on quality indicators and
time to complete tasks. However, this would overlook the
other benefits of AR on operators. Jetter et al. (2018)
identified other KPIs (Key Performance Indicators) on the
integration of AR systems in automotive maintenance through
subjective analysis and questionnaires. They found that the
perceived ease of use of AR solutions is as important as
reducing the time and errors to conclude on the usefulness of AR.
MATERIALS AND EQUIPMENT
The material and equipment used in this study were selected
according to the methodology detailed in Methods. They are
divided between the aeronautical maintenance equipment used to
perform a selected maintenance task and the AR equipment.
The selected maintenance task is an assembly task with many
steps that can be improved with current AR tools. The
environment study and the interview with the maintenance
operators permitted the selection of eight complex sub-tasks,
from which a need for a different instruction format has been
identified. The equipment used to perform the task (Figure 2)
consists of a list of mechanical parts to be installed, the axle to be
positioned on the assembly, and bolts to be tightened. This list is
completed with the tools necessary to install the parts, the
corresponding wrenches to tighten the bolts, and the
protective grease to be applied to the parts. Without AR, work
instructions are provided through standard work documents in a
paper format containing the information needed for assembly. It
consists of an overview of the equipment, standardized textual
instructions, and detailed images for some sub-tasks.
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The AR tool was deployed with the industrial AR software
solution Diota V2.3.0 (Diota, 2019). Diota is connected to the
Catia Composer R2017X 3D creation software for the creation of
content for the AR application. Diota Player software is used to play
content created on selected hardware. The hardware is a shop floor
workstation running the Windows 10 operating system equipped
with a 27-inch touchscreen and an industrial HD camera. This
configuration is installed on a standard mobile desk to facilitate
integration into the workshop (Figure 2). This mobile workstation
can be moved for installation on the assembly line to test the AR
application in the real environment without disrupting the workflow.
AR instructions are provided through the industrial AR application.
For each subtask, the main part is tracked in 3D, and an AR work
card overlays models of other parts in position, part reference
numbers, and standardized text instructions.
METHODS
The methodology that drives our work on the use of AR on
aeronautical maintenance tasks is summarized in Figure 3. The
main question on the impact of AR can be solved by experiments
on the aeronautical maintenance task to evaluate the added value
of AR. Setting up the experiments requires two previous steps to
be carried out. One step is to select the evaluation criteria
according to the aeronautical maintenance task (left side of
the figure). The other step is to deploy an AR tool on a use
case in the real work environment, similar to current practices
(right side of the figure).
Selection of Evaluation Criteria
The criteria best suited to our study are selected by applying the
constraints of industrial activity to the list of criteria for evaluating AR
previously established, as summarized in Figure 4. The impact on the
productivity of the activities of maintenance is assessed by comparing
the time taken to understand instructions, task action time, and overall
time required for the task. To fully assess the integration of the AR tool,
this observation is supplemented by the evaluation of the impact for the
workers with two questionnaires: NASA-TLX for the measurement of
the cognitive load and SUS for the usability of the AR solution.
Proposition for AR Evaluation
Table 1 summarizes the observation methods (col.2) for the
evaluation of AR from different points of view (col.1). These
FIGURE 2 | Pictures of the equipment, AR app, and AR workstation used in the study for experimentation in the work environment.
FIGURE 3 | Methodology to set up and conduct field evaluation of the impact of AR tools for workers for aeronautical maintenance activities.
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are applicable and relevant for comparing AR to other solutions
under specific and controlled conditions (col. 3), but not all are
suitable for use in the field on real maintenance tasks. However,
the needs and constraints of aeronautical maintenance require
the selection of criteria observable in industrial conditions and
relevant for the deployment of AR in this activity.
Selection in Accordance with Constraints
AR aims to save time and reduce quality issues on maintenance
tasks, as it makes it easier to understand and access the right
information. Regarding maintenance tasks, it is necessary to
measure the impact on current tasks with evaluation criteria
linked to performance measurements on these activities.
Productivity is evaluated in terms of the quality and the time
required to complete the task. Regarding AR, intrusive
measurements, which can be done in the laboratory, cannot be
carried out in the field. Workers must remain free to perform
tasks without additional constraints.
The solution chosen is to use criteria without any particular
installation constraints, suitable for use in a real workplace (see
Table 1). This concerns questionnaires on the impact on the user
and the criteria for comparing tools through the average time to
complete a task and the average quality of the result of the task.
This makes it possible to collect results both on the process side
via productivity indicators and on the user appropriation side
with questionnaires on cognitive load and usability.
Summary of the Selected Criteria
According to the indicators identified in the previous sub-steps,
the most suitable structure for the classification of criteria is based
on the concept of usability described with the three elements of
the ISO 9241–11 (ISO, 1998) standard:
• Effectiveness, the ability of users to accomplish tasks using
the system that matches the selection of tasks where AR is
applicable with potential benefit.
• Efficiency, which relates to the level of resources consumed
in the performance of tasks. It is linked to performance
indicators on maintenance tasks which include measuring
task execution time and evaluating the error rate on tasks.
• Satisfaction, which includes subjective feedback on the use
of the system through the measurement of user acceptance
and cognitive load with SUS and TLX questionnaires.
The vision through the notion of usability highlights two
essential elements for the evaluation: the impact on the
maintenance operation through efficiency criteria and the
acceptance of AR by users measured with satisfaction indicators.
FIGURE 4 | Methodology to select criteria for evaluation of the impact of AR for aeronautical maintenance.
TABLE 1 | Available criteria and observation methods for evaluation of AR.
Subject Observation methods Setup constraint Ref
AR technology Response time to indications Laboratory only Baumeister et al. (2017)
AR technology Head movement during task Laboratory only Renner and Pfeiffer (2017)
AR technology Precision of hand gesture Laboratory only Blaga et al. (2017)
Tools comparison Time to complete a task No constraint Syberfeldt et al. (2015)
Tools comparison Quality of the result of the task No constraint Rios et al. (2013)
Impact on user Dual task Laboratory only Baumeister et al. (2017)
Impact on user Physiological observation Laboratory only Brunken et al. (2003)
Impact on user Questionnaires No constraint Renner and Pfeiffer (2017)
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Time Measurement Values
AR has a different impact on the stages of understanding
information and the stages of working on parts. The duration
of each sub-task has been divided into “Understanding Time”
(TU) and “Action Time” (TA). TU is the time used by the
participant to research, understand, and translate instructions
from support to actual parts. TA is the time taken by the
participant to carry out the instructions on the equipment.
Calculation of Total Time Savings
We define the “Time Gain” (TG) quantity to assess the added
value of AR on performance on sub-tasks, with TAR the recorded
time “with AR” and TCS the recorded time “without AR.” TG is
the comparison of the time used for each phase calculated with
the following formula:
TG  TCS − TARTCS (1)
Understanding/Action Ratio Calculation
We define the “U/A ratio” (or RUA) quantity to assess the
distribution of the time needed to find and understand the
instructions (TU) and the time needed to perform the actions
(TA) against the total time (TT) needed to accomplish the task or
sub-task. It is calculated with the following formula:
RUA  TATT with TT  TA + TU (2)
Implementation of an AR Tool to Assist
Aeronautical Maintenance Tasks
Details on Aeronautical Maintenance
The first element of the deployment method (Figure 5) is to work
on maintenance activities. These activities occur at different
points in the life cycle of the equipment and can be light
unplanned interventions for the replacement of sub-equipment
or heavy planned interventions requiring specific resources and
skills, such as overhauls or modifications. The second type,
identified as depot level, is more suitable for AR tools due to
the complexity of the tasks and the variety of equipment covered.
This level of maintenance can only be performed by accredited
Maintenance, Repair, & Overhaul (or MRO) workshops and
relates to major repairs and a wide variety of tasks leading to
a complete overhaul of the equipment (Figure 6).
The fundamentals of these tasks are different and require
different skills and resources, but there are also similarities in the
overall sequence of action associated with each task. Each task
requires a reference to standard instructions describing the
elements required to perform the task (tools, grease, etc.), the
task itself, and the way to validate the execution. This study
focuses on the use of AR content on the shop floor and the help it
provides operators on MRO tasks. It could be extended to other
industrial maintenance activities dealing with the same
constraints and needs as MRO tasks (low frequency, high
quality requirements, many configurations of complex
products). It does not explore the part of creating and
managing maintenance data, which is also impacted by the
use of AR tools, even if the use of digital and identified
content should bring benefits to this type of task, in particular
in terms of content updates.
Selecting the Maintenance Task for Creating AR
Content
The deployment process of the AR application is divided into
seven stages, presented in Figure 7. The study of user needs
concerns the elements that make the use of AR interesting and
refers to the selection of Maintenance, Repair, and Overhaul
activities previously detailed. These are activities that involve
quantity, complexity, and a variety of tasks. Then, the deployment
of AR is impacted by certain elements of the work environment,
such as the need to be hands-free, to be mobile, to use specific
tools, or to work in specific areas, that induce choices for
FIGURE 5 | Methodology to deploy an AR tool to assist aeronautical maintenance tasks.
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hardware and software. These elements allow selecting a use case
to deploy AR among all the MRO activity tasks. Then software
and hardware can be selected for our AR applications and content
can be created. Each step includes reviews of the deployment with
users to detect errors or missing information until a final review
validates the latest version of the application.
Selection of Activities
For the same task, the complexity varies according to the type
of equipment and the sub-tasks. As tasks involve practical
work and knowledge, it is essential to work with the experts to
select the right use cases. Demonstrating AR on an operation
well known to users helps them to extrapolate to their daily
activities. It makes it possible to collect feedback from the field,
identify specific complex tasks, and select use cases according
to needs. The assembly tasks on the sub-equipment before final
assembly were selected because they consist of multiple sub-
tasks and therefore require a significant amount of
information to be found, understood, and translated into
actions for each step. Once the use case has been selected, it
is necessary to observe the current working environment to
identify which AR solution is the most relevant and to choose a
suitable one according to the constraints detailed in the
previous chapter (Figure 8).
Software Selection
Regarding the software, workshop conditions and the
aeronautical environment advise against the use of marker
recognition. This would require the development of specific
tools and procedures to install it. The maintenance tasks
consist of working on mechanical parts that qualify the
recognition based on 3D models. The Diota software solution
(Diota, 2019) was selected because it uses 3D model-based
recognition that is able to accurately track mechanical parts to
overlay 2D or 3D data on work cards. It avoids the installation
constraints imposed by other types of AR recognition and makes
the solution relevant for industrial use in aeronautics. The
authoring solution enables the use of existing 3D models of
design parts for the creation of static or animated work cards
that facilitate application deployment.
FIGURE 6 | List of tasks conducted during the overhaul maintenance process.
FIGURE 7 | Main steps for the deployment of an AR app in industry.
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Hardware Selection
Hardware takes many forms, from computers or tablets to the
more unusual like glasses or projectors, each with their own
advantages and disadvantages. Deciding between hardware forms
is affected by the necessary mobility, the possibilities of manual
handling, the software available, and the availability of the
equipment for use in an industrial environment. The selected
AR software can be used on hardware running the Windows 10
operating system such as a PC, tablet, HoloLens V1, or specific
Diota projector. The projector was rejected because the way the
information was displayed was not relevant to the use case and its
volume. HoloLens have a small field of view, low autonomy, and
require time for learning interactions. The tablet requires
handling the device with one or both hands, which is
problematic when it is necessary to interact with parts. A PC
equipped with a touch screen and an industrial mobile camera
was selected and installed on a standard mobile work desk used in
the workshop.
Implementation Process for AR Application
The final step is to create the content for the AR application itself
using data from the current process, AR development tools, and
feedback from maintenance operators. Current documentation
provides regulatory information and key points to consider. AR
development tools help organize each step around reference
pieces that connect the virtual and physical world. Existing 3D
models from the design are used for visual instructions and
implemented into the 3D working environment to make using
AR natural.
Reviews and Validation With the Users
The review of the first version of the application with the
maintenance operators makes it possible to detect errors due
to a misinterpretation of the current documentation or to the
identification of missing information necessary for the task. This
also makes it possible to verify the correct arrangement of the
elements. The authoring process continues by applying the
changes and iterating with the operators until the final version
fixes the content of the AR application for industrial use. It can be
introduced into the maintenance process to train operators,
conduct experiments, and evaluate AR.
RESULTS
Measurement Protocol
The experiment was carried out on an assembly task divided into
eight sub-tasks of similar complexities to observe the impact of
AR on this type of task under industrial conditions. Participants
completed the task in the factory workflow under two conditions,
one with current paper media used by workers and one with AR
media available on a mobile workstation. Completion time was
recorded, and participants’ comments and feedbacks were
assessed through questionnaires immediately after the task.
The material and equipment have been detailed previously in
Materials and Equipment.
Participants
Nine participants were recruited from among the workshop
operators to participate in the study. Six participants
completed the eight sub-tasks under the two conditions
(“without AR” and “with AR”) and three participants
completed them only under the condition “with AR” before
completing the two qualitative questionnaires. None of them
had prior knowledge of AR technology. The participants were
FIGURE 8 | AR solutions (hardware and software possibilities) (PWC, 2019).
TABLE 2 | Repartition of workers according to their knowledge on the task and
the job.
Groups Knowledge on task Knowledge on job N° of participants
Beginner Null Less than 3 years 2
Advanced Null More than 3 years 5
Expert Significant More than 3 years 2
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divided into three groups (“Beginner”, “Advanced”, or “Expert”)
according to their knowledge of the task and of maintenance
(Table 2).
Conditions
Two conditions were evaluated on the assembly line in the actual
work area. For the condition “without AR,”, there were few
adaptations compared to the current process. For the “with
AR” condition, workers used the mobile workstation shown in
Materials and Equipment. The “without AR” instructions
consisted of standard working documents containing the
information needed for assembly. It consisted of an overview,
standardized textual instructions, and detailed images for each
sub-task.
Procedure
A demonstration application unrelated to the observed task was
presented to explain the possibilities of AR and how it works. The
experimental conditions, the questionnaires, and the
measurements were presented to the participants before
volunteering. Before the experiment, the observer prepares the
parts needed for assembly, the current support for the task, the
AR application, questionnaires, and support for time
measurements. Participants are reminded of the conditions of
the experiment. Under “with AR” conditions, the participant goes
through a brief overview of the controls. The mobile workstation
is installed in the workspace and calibrated for part recognition.
The experience begins when the observer, participant, support,
and equipment are ready. The participant navigates through the
medium to find the information and perform the eight assembly
sub-tasks. The observer writes down the understanding and
action time required for the participant to accomplish each
sub-task. After the experiment, the participant fills out the
NASA-TLX questionnaire to assess the cognitive load induced
on him by performing the task with the associated support. He
also completes the SUS questionnaire to assess the usability of the
AR media.
Raw Results
The results of the experiment are divided into two types. The
quantitative results concern the evaluation of the impact of AR on
the performance of workers on the job. The qualitative results
concern the evaluation of the cognitive load induced on the users
using each instructional medium and the subjective evaluation of
the usability of the AR application by the workers. The results are
divided by experience conditions (“with AR” and “without AR”)
and by participant profile (“Beginner,” “Advanced,” or “Expert”)
for each sub-task.
Quantitative Performance Measures – Process Side
The results are summarized in Table 3 and presented in Figure 9
for “total time saved” and in Figure 10 for the RUA calculated with
Eqs. 1, 2 of Selection of Evaluation Criteria.
Considering all the user profiles together, five of the nine
subjects on each of the eight subtasks, we get 40 measurements
under both conditions. Per sub-task, workers spent an average of
30% less time on the understanding phase and 16% more time on
the action phase, which leads to 9% saved in time total per sub-
task. RUA shows a gain of 14 points between the current support
and the AR tool.
By separately considering the beginner, advanced, and
expert profiles on each of the eight sub-tasks, we obtain
respectively 16, 16, and 8 measurements under the two
conditions. By observing the average value per sub-task,
workers spend less time on the understanding phase (25,
39, and 15%) and more time on the action phase (16, 27,
and 38%) which leads to a total time saving per sub-task (7, 11,
and 2%) for all worker profiles. RUA shows a gain for each
profile of respectively 11 points, 17 points, and 14 points
between the current support and the AR tool.
Qualitative User Related Measures – User Side
The results of the NASA-TLX and SUS questionnaires are
presented in Figure 11, respectively on the left side and on
the right side. The results of the advanced and expert users are
grouped together. Due to major differences, the results for
beginners are separated from the results for advanced and
expert users. The results of the questionnaires show a
reduction in cognitive load and an increase in worker
satisfaction.
Analysis of Results
The distribution of the worker profiles for experience
corresponds to the overall distribution of skills in the
workshop. The goal of AR is to help workers find and
understand instructions to make it easier to perform
maintenance tasks. According to their knowledge, workers are
not at the same level of ease in the tasks. It is important to observe
all the profiles to measure the differences between them and to
determine the impact of the AR on the workshop with different
skill distributions.
Quantitative Performance Measures
Through total time saving and RUA, we observe an overall positive
impact of AR (Figures 9, 10). Average results across all users
show a total time saving of 9%. This is of high value in
aeronautical processes. By taking all profiles independently, we
also observe a saving on the average total time for the sub-tasks
for each profile. Thus, when the distribution of profiles changes in
the future, with more advanced workers, AR will continue to save
total time on the overall workshop. Even with a low impact on
expert users (2% of total time savings), there is little risk of
wasting time with AR.
By comparing the beginner and advanced profiles, the impact
of AR is greater on the advanced profiles (respectively, 7 and
TABLE 3 | Results on time observation per subtask for all profiles of users.






All profiles 40 30 −16 9
Beginner 16 25 −11 7
Advanced 16 39 −27 11
Expert 8 15 −38 2
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11%), which was not expected. The assumption was that AR will
be of less benefit to a user with more knowledge. This difference
can be explained by the fact that beginners are not familiar with
the process and take more time to link the instructions together,
while the advanced instructions they are looking for and AR gives
them easier and intuitive access to this information. Future
beginners will directly benefit from AR and with practice they
will become advanced, which will amplify the added value of AR.
It could also promote versatility in workshops where advanced
workers could move more easily between many tasks.
The distinction between understanding and action phases
highlights important elements. We observe a positive impact
of AR on understanding time: a gain of 30% considering all
profiles. This confirms that AR has added value on the task by
facilitating the task of processing instructions for aeronautical
maintenance. However, a negative impact of AR is perceived on
action time: 16% loss on the total time considering all the profiles.
The hypothesis is that the use of a new, unknown device slows
down actions and could induce a change in behavior where the
user tends to verify more information thanks to the proximity of
instructions and actions in AR. It could provide more benefits by
anticipating the detection of errors before the end of the job, thus
reducing the need for rework and increasing the quality
throughout the process.
FIGURE 9 | Mean gain on total time per sub-tasks for all profiles of users.
FIGURE 10 | Mean RUA value per sub-tasks for all profiles of users in both conditions.
FIGURE 11 | Mean TLX score and SUS percentile rank in both conditions for each profile of user.
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The added value of AR is also visible through the
Understanding/Action ratio which is increased by 14 points
considering all users. This means that workers around the
world are spending less time processing instructions before
every action using AR. The comparison of the evolution of the
ratio for the different user profiles shows that the impact is greater
for advanced than for beginner users.
Qualitative User-Related Measures
The SUS and TLX scores show positive feedback on the use of AR
(Figure 11). Considering all the profiles, the usability of the AR
media was rated 7.5 points better than the current media.
Transposing these results into percentile rank (PR) means that
the support of the task went from a good tool to an excellent tool
(67.8–84.6 SUS PR). The impact of AR is also visible on cognitive
load. It decreased between current support and AR support (TLX
score 34.2–26.8). This means that less cognitive load is required to
process AR instructions, allowing users to focus on performing
tasks with greater efficiency.
To analyze in more detail the impact of AR on users, we have
combined the measurements on advanced and expert users. Both
profiles have knowledge and practice on the current instruction
medium, as beginners still need to learn about the current
instruction medium. The usability scores given by advanced
and expert users are similar under both conditions and
correspond to the best evaluation (over 85 points). For them,
AR media is as usable as the current media that they are
familiar with.
Beginners, on the other hand, gave a lower score under both
conditions. This is because they are less comfortable with the
maintenance process. However, we see a significant difference
between the current support, which is just OK (SUS score of 57.5),
and the AR application (SUS score of 72.5). This indicates a good
usability of the application when converting to percentile rank.
For beginners, there is a visible improvement in the usability of
the support with AR medium.
This trend is the same for TLX measurements. Advanced and
expert users tend to have a lower cognitive load on tasks than
beginners, and the reduction of TLX score due to AR is greater for
beginners. From a user perspective, AR has a greater impact for
workers new to the maintenance process than for workers already
familiar with current support.
DISCUSSION
Method Development
In this work, we investigated the impact of AR tools on the
performance of aircraft maintenance tasks from a process and
worker perspective. The preparation of this evaluation was
divided into three questions to be studied.
The first question (Q1) was to determine how to evaluate the
advantages brought by AR on aeronautical maintenance tasks.
The objective was to identify criteria not only suitable for
evaluating the use of AR to assist a user in performing a task,
but also adapted to the constraints of the aeronautical
maintenance environment. Among the criteria and the AR
evaluation methods, we selected those applicable in the
workshop without disrupting the execution of maintenance
tasks (Table 1). During the process, we selected performance
indicators related to tasks, such as the non-quality detected or the
overall time of the tasks, but also highlighted the specificities of
the tasks that should be affected differently by the AR. For user
feedback, we selected two questionnaires, one evaluating the
cognitive load felt by workers while performing the task and
the other focusing on the usability of the AR solution compared to
the current medium.
The second question (Q2) was to determine how to deploy an
AR tool for assistance with maintenance tasks dealing with
quantity and a variety of complex products with high quality
requirements and low frequency, such as aeronautical activities.
To apply the criteria selected in an experiment, we had to deploy
an AR solution covering the same information as the current
media for the same task. We established a process (Figure 7)
based on knowledge of the available AR technology (hardware
and software), when it is useful, and the knowledge of experienced
workers on aeronautical maintenance (activities needs and work
environment constraints). This made it possible to focus on
specific maintenance tasks and to deploy an AR application
with appropriate content according to the instructions
currently used by the workers, along with their comments on
the tasks. 3D-model based recognition software and screen-based
AR hardware were identified as most suited for an AR app used in
aeronautical maintenance context.
The third question (Q3) was to measure the added value of AR
on aeronautical maintenance tasks through field experiences,
based on the elements selected and prepared with the two
previous questions. Thanks to the criteria and the AR
application, we were able to conduct experiments with AR in
real conditions in the maintenance process line without
disturbing the workers. The experiment was carried out on the
workshop population, grouping together three different profiles
(Table 2, 3), and over a long period. The results of the experiment
provide answers on the added value of AR for all worker profiles
on the tasks.
Conclusion
The creation of the AR application for experimentation following
the deployment process highlighted the most relevant design
choices for an AR application in this industrial context. Guidance
tasks involving a high number of parts and specific information
were identified for AR deployment. The use of 3D models-based
recognition allows the use of AR directly on parts without
complicating the task preparation. A mobile workstation
equipped with a touch screen and a camera is sufficient for
AR interaction and can be effectively integrated with operators in
the work environment.
Considering all the user profiles, the experience highlights a
gain brought by AR through each criterion. Compared to current
support, the AR application received a better usability score from
users, which echoes a better relationship between understanding
phases and action phases for each sub-task. AR makes it easier to
access and understand instructions so users can more easily focus
on the action phase. A parallel can be drawn with the cognitive
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task load score which decreases with AR. Likewise, the total time
required to complete the task is reduced with the AR tool. This
confirms the hypothesis that the impact of AR is visible from the
workers’ point of view and that AR is useful for aeronautical
maintenance from a process point of view.
The comparison between the profiles highlights different
impacts of AR according to the users. At first, beginners will
benefit more from the AR solution (due to its good usability
and reduction of cognitive load), which could facilitate their
training. Then, the observation that emerges is that the
advantage will increase in terms of productivity with AR
tools in the hands of advanced workers familiar with the
maintenance process. And it does not interfere with the
work of experts who are as comfortable with AR as they are
with the current media. However, the negative impact of the
application of AR on the action phase should be reduced by
better adapting the content and devices of AR to the needs of
the workers. This observation on user profiles will be further
investigated through additional experiments with more users
per profile to confirm the results.
Limitations
Some limitations need to be addressed. One is the constraints on
the evaluation criteria; the criteria had to be usable in the
workshop without disturbing the workers and easily
deployable so as to carry out experiments on the maintenance
lines. It is closer to the actual impact of AR on tasks, but it limits
observations. Another is the unsystematic selection of use cases
based on current opportunities with AR tools and on the
experience of shop floor workers to relate AR functionality to
complex tasks with which they need assistance. There were also
constraints on the feasibility and frequency of the experiments
because aeronautics works on long cycles. The low availability of
equipment for the chosen task, as well as the small number of
subjects in the workshop, reduced the number of observations
even over a long period. Due to this limitation, the potential long-
term impact of AR on the level of general maintenance knowledge
could not yet be investigated in this study. However, the nature of
the activity requires users to rely on instructions for specific
information about products with each support.
Perspectives
The added value of AR has been identified on selected tasks and
this result should be extended to other tasks not yet addressed by
this work using the established methodology. Improved
interactions between the user and the AR (data capture and
processing) could have an impact on other stages of the
maintenance process. It is necessary to be able to generalize
the choice of activities. Further work will consist of using these
elements to extend the results to the AR impact assessment over
the entire aeronautical maintenance process and to surpass the
limits of feasibility and low frequency of experiments. The goal is
to identify the features of the tasks which affect the impact of AR
to generalize the results of limited on-field experiments. A
classification of maintenance activities related to the specific
needs of workers will lead to prediction of the value that AR
would bring to each activity.
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